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Polarized far-infrared transmittance spectra of CuGeOa 
single crystals were measured at different temperatures (6K< 
T < 300 K). Two spectral lines, at 284.2 cm"^ in E[|c polar- 
ization and at 311.7cm~^ in E||b polarization, appear at the 
temperature of the spin-Peierls transition and grow in inten- 
sity with decreasing temperature. We assign these spectral 
features to the folded modes of the dimerized lattice. We 
discuss a possible role of the spin-phonon interaction in the 
formation of the 311.7 cm~^ feature. 

CuGeOa has attracted a considerable attention as the 
first inorganic compound that undergoes the spin-Peierls 
transition [Q . The spin-Peierls transition is known to oc- 
cur in quasi-one-dimensional s=l/2 Heisenberg antifer- 
romagnets due to the magnetoelastic coupling between 
magnetic chains and a three-dimensional phonon field. 
As a result of this coupling, magnetic atoms displace 
along the chain and form nonmagnetic dimers yielding 
a singlet ground state and a triplet excited state at an 
energy A (the spin-Peierls gap). 

In the high-temperature phase of CuGeOa (space 
group Pbmm, z—2, lattice parameters a=0.480nm, 
&=0.847nm, and c=0.294nm [|), S=l/2 Cu^+ ions oc- 
cupy C2h symmetry positions in the centra of strongly 
deformed edge-sharing Cu(02)4(01)2 octahedra that 
form chains along the c-axis of the crystal (see Fig.|^). 
The octahedra from the neighboring chains share com- 
mon 01 apical oxygens. As the Cu-01 distances 
(0.275 nm) are appreciably greater than the Cu-02 dis- 
tances (0.193 nm), well isolated ribbons of Cu(02)4 rect- 
angles running along the c-axis may be considered as 
main magnetic units. 

Below Tsp «14K the Cu^+ chains distort into dimers 
and the spin-Peierls gap Ai=2 meV=16 cm~^ opens at 
the point kAF=(0, 1, 1/2) of the BriUouin zone (BZ) [|,|. 
The narrowest gap is shifted from the k = point 
because of the interchain interaction. A second gap 
A2=5.5meV=44.3cm^^ has been found in the electron 
spin resonance ||] and far infrared (FIR) absorption ||] 
experiments and has been assigned to the point k=(0, 0, 
0). In a recent theoretical paper it was, however, sug- 
gested to place this gap at the point k=(0, 1,0). X-ray, 
neutron and electron diffraction studies revealed super- 
lattice reflections that have been indexed with a com- 
mensurate propagation vector ksp=(l/2, 0, 1/2) corre- 
sponding to a crystal unit cell doubled along the c- and 
a-directions (see, e. g., 0] and references therein). This 



doubling of the unit cell leads to a folding of the BriUouin 
zone and, as a result, to a transfer of phonons from the 
zone boundary to its center. The structure of the spin- 
Peierls phase belongs to the Bbcm space group [||. The 
factor group analysis shows that additional eighteen Ra- 
man active modes 4Ag + 5Big + 4i?2(; + S-Bsg and nine IR 
active modes 2Bi„(E||c)-)-4B2„(E||b)-f 3B3„(E||a) have 
to appear in the spin-Peierls phase of CuGeOs. (Here, 
symmetries of the vibrational modes are given according 
to the axes setting x| |a, y| |b, z| |c). 

The Raman peaks at 369 and 820 cm^^ have been at- 
tributed to the Ag folded modes p|-pO|. The feature at 
43.5 cm^^ observed in the far-infrared absorbance differ- 
ence spectra a(T) — a(15.5K) below Tgp has been sup- 
posed to arise from the folded mode corresponding to a 
TA phonon at the a* zone boundary The authors of 
Ref. p could not investigate how does the 43.5 cm~^ 
feature behave when approaching Tgp, because of its 
proximity to the relatively strong 44.3 cm~^ peak due 
to the A2 spin gap. The 311.7cm~^ feature observed in 
both transmittance T,.(20 K) /Tr{6 K) jl^] and reflectance 
i?(20K)/i?(5K) H ratios for CuGeOa has been ascribed 
to a softening of the i?2u (-Bsu in Pmma setting) phonon 
mode near 300 cm~^ when passing through the 14 K spin- 
Peierls transition to the dimerized state ||l2|. All the 
above mentioned IR measurements have been performed 
using unpolarized light and relatively thick samples with 
saturated absorption by phonons. 

Recently, we have shown that lattice dimerization in 
the course of the spin-Peierls transition in NaV2 05, in 
contrast to the case of CuGeOs, leads to the appear- 
ance of numerous folded modes in the FIR transmit- 
tance spectra with typical integrated intensities J diu a 
100 — 400 cm^^ In attempt to clarify the nature of 
such a puzzling difference between these two recently dis- 
covered inorganic spin-Peierls compounds, we have un- 
dertaken the present study. This paper reports on a 
direct measurement of the polarized FIR transmittance 
spectra of CuGeOa as a function of temperature. In the 
spectral range studied (60-400 cm^^), we clearly observe 
the appearance of two absorption lines (at 284.2 and 
311.7cm~^) at the temperature of the spin-Peierls tran- 
sition. We attribute these spectral features to the folded 
modes which occur due to lattice dimerization in the 
spin-Peierls phase and speculate that the spin-phonon in- 
teraction contributes to the 311.7cm~^ absorption line. 
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Blue in color transparent single crystals of CuGeOa 
were grown from the melt of high purity oxides by a 
method of spontaneous crystallization under a slow cool- 
ing. They were checked with X-ray diffraction and mag- 
netization measurements and exhibited the temperature 
of the spin-Peierls transition Tgp = 14.0 ± 0.2 K. Three 
samples cleaved perpendicular to the a- axis and having 
dimensions approximately 3x3 mm along the b- and c- 
axes were used in our experiments. Their thicknesses 
were 240, 20±1 and 0.7±0.1 fj.m. The thinnest sample 
was on a Scotch tape. Samples were mounted in a special 
insert that was put into a variable temperature {T—5- 
300 K) helium vapor optical cryostat. Polarized infrared 
transmission measurements were performed in the fre- 
quency range from 60 to 400 cm~^ with the spectral res- 
olution 0.2-1 cm^i, using a BOMEM DAS. 002 Fourier 
transform spectrometer. To avoid possible errors con- 
nected with a thermal displacement of a sample relative 
to the radiation beam within the spectrometer we mea- 
sured reference spectra at each temperature. Our insert 
has been specially constructed for such a procedure. In 
our experimental geometry (k||a) we could anticipate to 
find four new modes in E||b polarization and two 
new Biu modes in E||c polarization below Tgp. 

Fig.||a shows the transmittance spectrum in E||b 
polarization of the 20 /im thick sample at tempera- 
tures above and below Tgp- Two well known ]l^ B2u 
phonon modes near 220 and 300 cm^^ are seen in the 
displayed spectral range. From the intervals of zero 
transmittance we determine the corresponding transverse 
and longitudinal frequencies. We find ix>to=210 and 
284 cm~^, a;LO=233 and 310 cm~^ at room tempera- 
ture, in good agreement with parameters found from the 
best oscillator- fit of reflectivity spectra Hi. The struc- 
ture with regularly changing period in FigTHa comes from 
the interference in the platelet, taking into account the 
changes of the refractive index in the vicinity of a phonon 
frequency. We have confirmed such an interpretation by 
direct calculations of transmittance spectra of a platelet 
with a given thickness and the dielectric constant taken 
from the Ref. |lj]. The main change in the spectrum 
when passing through the spin-Peierls transition temper- 
ature is a blue shift of the high frequency edge of the 
phonon mode near 300 cm~^. 

To investigate this phenomenon, we have measured the 
0.7 /Ltm thick sample. Two sharp peaks at the ujto fre- 
quencies are present in its spectrum (see the spectrum b 
in Fig.^). It is clearly seen that a new spectral line at 
311. 7cm^^ appears below Tgp. Fig.||a demonstrates how 
does this line grow in intensity with decreasing tempera- 
ture. We did not observe any softening of the 288 cm~^ 
phonon mode near Tgp. This mode smoothly shifts to 
higher frequencies when going from the room tempera- 
ture down to 6 K. 

In the E||c spectrum of the uniform phase, only one 
phonon mode is present (at 165 cm~^), and it is narrow 
(^LO~^TO=3cm~^). So, we were able to measure trans- 
mittance of thick samples. The spectra of the 240 /im 



thick sample revealed a new spectral line at 284.2 cm~^ 
that appeared below Tgp (see Fig.||D). 

Table 1 lists the parameters of the two observed lines. 
For both of them, the position and the full width at 
half height (FWHH) do not depend on the temperature, 
within the experimental precision. The normalized in- 
tegrated intensity versus temperature dependences are 
practically identical for both lines (see the results for 
the 240 /im and 20 /xm thick samples presented in Fig.|^). 
The shift of the transition temperature to Tsp=15.2K for 
the thinnest sample may be due to internal stress within 
this 0.7 /im thick platelet on a Scotch tape (it is known 
that Tap becomes higher under pressure |jl^). The same 
might be the reason for a broader line in this sample as 
compared to the 20 /im thick sample. At T > Tgp both 
lines are absent, within the precision of our measurements 
which may be estimated as 10% for the 284.2 cm^^ line 
and 5% for the 311.7cm~^ one, taking into account the 
signal-to-noise ratio in our spectra and the measurements 
of the samples of different thickness. 

Let us discuss the possible nature of the observed FIR 
absorption lines. We shall consider purely magnetic, 
purely phonon and mixed absorption which could oc- 
cur in the spin-Peierls phase of CuGeOs. In this phase, 
well defined magnonlike triplet excitations have been ob- 
served by inelastic neutron scattering (INS) Their 
frequencies show a noticeable dispersion in the b* and 
c* directions of the BZ. A singlet-triplet transition has 
been observed as a FIR absorption peak at 44.3 cm~^ 
that splits in a magnetic field Absorption with cre- 
ation of two magnons (k and — k) would reflect a magnon 
density of states. Then, one could expect spectral fea- 
tures at the doubled frequencies corresponding to flat 
area in the dependence ti-'(k), namely, at 2Ai = 32cm~^, 
2A2 = 90cm-i, 2uJm = 255 ± 7 cm'^ uj„, corre- 

sponding to the maximum of the dispersion curve. A pos- 
sible magnon-magnon interaction would somewhat lower 
these frequencies. The frequencies of the discussed FIR 
spectral lines, 284.2 and 311.7cm~^, lie higher than the 
mentioned frequencies which rules out their interpreta- 
tion as features due to two-magnon (2M) absorption. It 
should be mentioned that for CuGeOs the most impor- 
tant term in the 2M absorption Hamiltonian vanishes by 
symmetry considerations p6[ |, in contrast to the case of 
another spin-Peierls compound, NaV205, where 2M ab- 
sorption is allowed. For NaV205, indeed, we succeeded 
to observe it 

Another absorption process that involves magnetic ex- 
citations is a phonon-assisted two magnon (P+2M) ab- 
sorption which may be particularly important when 2M 
absorption is forbidden (see, e. g., |16|). Critical points 
in the densities of phonon and magnon states contribute 
to P-I-2M absorption peaks. Because of that, magnetic 
excitations with energies Ai , A2 and ujrn have to be taken 
into consideration. All of them broaden dramatically 
with increasing temperature. Besides, the gap modes 
shift to zero when approaching Tsp. If the observed 
spectral features (at 284.2 and 311.7 cm^^) were due to 
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P+2M absorption they would shift and/or broaden with 
increasing temperature towards Tgp- This is not the case, 
within the precision of our experimental data. 

The absence of any broadening or shift of the observed 
FIR absorption lines at 284.2 and 311.7cm~^ with ap- 
proaching Tsp from below rules out a participation of 
magnetic excitations in their formation. To our mind, the 
FIR absorption lines at 284.2 and 311.7 cm"-"^ result from 
zone boundary phonons activated by the zone folding due 
to the lattice dimerization in the spin-Peierls phase. Un- 
fortunately, the frequencies of zone boundary phonons 
are known (from INS) only up to about 180 cm^-'^ [ p7| , 
so, no comparison with the frequencies of the observed 
FIR modes can be made. The intensity of folded modes 
should be proportional to squared displacements of atoms 
in the course of the spin-Peierls transition, I{T) oc S'^{T), 
just as in the case of superlattice reflections in X-ray 
or inelastic neutron scattering. Our experimental I{T) 
dependences displayed in Fig. || are similar to those re- 
ported from INS , which is in agreement with the inter- 
pretation of the peaks at 284.2 and 311.7cm~^ as folded 
modes. 

The peak at 311.7 cm~^ is much stronger and broader 
than the one at 284.2 cm~^ (see Table 1). We suppose, 
the reason for that lies in a relatively strong spin-phonon 
coupling for the former mode. Recent neutron diffrac- 
tion experiments have shown that the deformation of the 
lattice above Tgp may be characterized by a rotation of 
the Cu(02)4 ribbons around the c-axis and has the Ag 
symmetry It is related to the distortion below Tgp, 
in the sense that the rotation of the 02 edges around the 
c-axis is the common element. In the high-temperature 
deformation the edges stacked along the c-axis are dis- 
placed in the same way, whereas below Tsp neighboring 
edges are displaced in opposite directions resulting in 
the twist distortion. Both deformations strongly influ- 
ence the magnetic interaction parameter J Keeping 
that in mind, we propose the zone boundary counterpart 
of the Ag mode at 332 cm^^ as a candidate for a 
phonon responsible for the observed 311.7cm~^ feature. 
At the zone center, this mode tends to rotate Cu(02)4 
ribbons around the c-axis while at the zone bound- 
ary it corresponds to the twist rotations of the neigh- 
boring 02-02 edges. It seems evident from the results 
of the work Q that this mode efficiently modulates the 
superexchange interaction and, thus, is strongly coupled 
to spins. In the spin-Peierls phase Ag mode splits into 
Ag + B^g + Blu + where the latter is indeed IR active 
in E||b polarization. 

In summary, our measurements of polarized FIR trans- 
mittance spectra of CuGeOs have unambiguously shown 
that the B2u mode near 300 cm~^ does not soften upon 
passing through the 14 K spin-Peierls transition, as has 
been stated in Ref. |l^, but a new mode with the fre- 
quency 311.7cm~^ appears. Another mode, of -Bi„ sym- 
metry, appears at 284.2 cm~^. Both modes are, most 
likely, transferred to the zone center from the zone bound- 
ary, due to lattice dimerization. We propose a possible 



mechanism of the spin-phonon coupling contributing to 
the 311.7cm~^ mode. 
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FIG. 1. Crystal structure of CuGeOs. The axes are shown 
in the Pbmm setting. 



FIG. 2. Transmittancc spectra of (a) 20 /im and (b) 0.7 /xm 
thick samples of CuGeOa for E||b polarization; solid lines — 
T = 6 K < Tsp, dashed line — T = 30 K > Tap. 



FIG. 3. FIR absorption lines activated by the spin-Peierls 
transition in CuGeOa: (a) E||b, 0.7 fj,m thick sample; (b) 
E||c, 240 fjxn thick sample. 



FIG. 4. Temperature dependences of the integrated in- 
tensity I{T) ^ J dio [a{T, Lo) - a(20 K, co)] for the lines at 
284.2 cm~^ (circles — 240 /xm thick sample) and 311.7 cm~^ 
(squares — 20 /um thick sample, triangles — 0.7 /ttm thick 
one). 



TABLE I. Parameters at T = 6 K of the FIR absorption 
lines activated by the spin-Peierls transition in CuGeOa 



Polarization 

Frequency lo, cm^^ 

FWHH Aoj, cm-i 

Peak absorption 
coefficient am, cm~^ 

Integrated intensity, 
cm~'^ 



E||c 

284.24±0.05 
0.55±0.05 

9.3±0.3 

6±0.5 



E||bt 

311.70±0.05 
4.5±0.5* 

500±100 

2500±500 



'''data for the 0.7 /im thick sample. 
■i-S.SibO.S for the 20 /um thick sample. 
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